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Abstract 
In this paper we present our results on polymer permeability control by organo-SiOx-layers (Aquacer©, Lipocer©1). The goal of 
our investigations is to use transparent polymers for optical MEMS-packaging. In contrast to costly MEMS-packages made of 
glass, thermoplastic polymers provide high transparency, low costs and good processability. Their main drawbacks regarding 
their usage for MEMS-packaging are their high thermal expansion coefficient and their high permeability. On this account, a 
transparent gas barrier coating with high tolerance against thermal expansion is needed. The organic content in the investigated 
silicon-oxide-layers induces higher ductility and therefore reduce crack susceptibility in comparison to inorganic silicon-oxide.  
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1. Introduction 
Polymers provide a wide range of material properties, low costs and good processability. These properties turn them 
attractive for high volume applications such as MEMS. The packaging of Bosch-MEMS elements amounts to over 
75% of the items costs wherefore low cost packaging concepts are crucial for cost-effective MEMS production. 
Today, polymers are commonly used for primary and secondary MEMS packaging whereas zero level packaging is 
done by silicon or glass caps. Regarding their usage for zero level packaging their high permeability becomes a 
fundumental issue, because surfaces in optical MEMS need to be protected against humidity and for resonant 
MEMS structures a low pressure has to be maintained within the cavity. Diffusion barrier layers can significantly 
reduce the permeability of the coated polymer-package. In this paper the evaluation of a gas permeation test method 
and the characterization of different types of silicon-based coatings on polycarbonate substrates with regard to the 
crack sensitivity, the surface energy and their barrier effect on gas diffusion are described.  
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 2. Choice and deposition of barrier coatings 
Diffusion barrier layers are mainly known from the packaging industry where primarily low permeable polymer 
films are used. Typically, they are coextruded with or laminated on other polymer films2. If this application 
procedure cannot be used, thin glass-like SiOx-coatings are commonly applied as for example in PET bottles2,3. 
SiOx-films provide good transparency, high barrier effect3 and can be produced by well-known MEMS-deposition 
technologies. However, the strongly differing thermal expansion coefficients of thermoplastics and SiOx limit the 
thickness of brittle inorganic silicon-oxide-films on polymer substrates. Organic content in SiOx-films increases 
their flexibility and consequently their crack resistance4. In addition, the surface energy of the organo-SiOx-layers 
can be controlled, which allows a selective barrier effect on polar or non-polar molecules4. Two types of organo-
SiOx-layers were evaluated against inorganic SiOx-layers. 
2.1. Inorganic silicon oxide layers 
Inorganic silicon oxide layers on polycarbonate plates of 1 mm thickness and a diameter of 150 mm (6") were 
produced by plasma enhanced chemical vapour deposition (PECVD) of silane and nitrous oxide whereas the process 
temperature was reduced to 110°C. 
2.2. Organo-SiOx-layers 
Soll4 and Wrobel et al.5 showed that Hexamethyldisiloxane (HMDSO) polymerises to glass-like layers in plasma. 
Depending on the oxygen content in the plasma, more or less hydrogen and methylgroups are seperated from the Si-
O-Si-chain and oxidized to water or carbon mono- or dioxide. Consequently, the carbon- content of HMDSO-based 
layers can be varied by the oxygen content in the plasma during the process. Two types of layers were produced and 
tested: one with very high carbon-content (deposited in pure argon plasma) called Lipocer©1-coating and a second 
one with low carbon content (deposited in argon and oxygen plasma) called Aquacer©1-coating. The high carbon-
content in Lipocer©1-layers results in a low surface energy (25 mJ/m²) and vice versa a high surface energy was 
measured for the Aquacer©1-layers (70 mJ/m²). 
2.3. Layer thicknesses 
The layer thicknesses were first determined by ESCA (electron spectroscopy for chemical analysis) depth 
profiles of the coated polycarbonate plates. To analyse bigger amounts of samples and to achieve a larger amount of 
measuring points on each sample, a less sophisticated method had to be found. Optical methods such as white light 
interferometry or ellipsometry need intransparent or reflecting subsurfaces under the investigated layers which are 
not present in our case. For this reason, silicon wafers were coated in parallel to the polymer samples and analysed 
by spectroscopic ellipsometry. The layer thicknesses of the coatings and the thickness variations over 6"-wafers are 
given in fig. 2. Organo-silicon-oxide-layers show considerable thickness variations due to inhomogeneous reactant 
concentrations in the plasma chamber. 
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3. Characterization of barrier coatings 
To measure the barrier effect of coatings on gases a quantitative gas permeation analysis method is needed. We 
realized a gas permeation test bed (fig. 1(a)) and measured the diffusion rates of helium and nitrogen through coated 
and uncoated polycarbonate samples. The sample is clamped between two metal chambers and vacuum-sealed by 
O-rings. After removing humidity by evacuating both chambers for at least one hour, a defined gas concentration 
gradient is regulated by an overpressure of 1.4 bar in one chamber and a vacuum of 5•10-6 bar in the other one. The 
resulting gas flow is detected by pressure monitoring in the vacuum chamber over a time period of 48 hours as 
shown in fig. 1(b). The slope between the 24th and the 48th hour, corrected by the leakage rate of the test bed, is 
taken to calculate the gas permeation rate.  
Fig 1 (a) principle of gas permeation test bed (b) Pressure change in the vacuum chamber during gas permeation test 
In theory, the passage of gases through solid state bodies is designated as gas permeation6 and can be subdivided 
in five steps6: (a) adsorption of gas molecules on the gas-exposed surface, (b) solution of gas molecules in the near 
surface region of the solid state body, (c) diffusion through the solid material, (d) dissolution at the vacuum-exposed 
surface and (e) desorption of the molecules into the vacuum. In general, the solution step and the diffusion through 
the material can be considered as the rate-determining steps6. The permeation of a specific gas through a specific 
material can be described by the gas permeation coefficient Kp as shown in equation (1). D and S are the specific 
diffusion and solubility coefficients for the investigated gas-solid material-combination.  
 
  (1) 
 
As the pressure difference between the two chambers of the test bed (fig. 1(a)) is very high, the concentration 
gradient can be assumed to be constant which is why Fick’s first law can be applied6. According to this law the 
concentration gradient caused by the pressure gradient ∂p(x)/∂x results in a mass flow out of chamber 1 (with the 
defined volume V) through the sample with the permeable surface A. This mass flow will cause the pressure 
decrease ∂pch during the time ∂t in chamber 1. In our test bed, the described gas flow is detected by the pressure 
increase Δpvac in the vacuum chamber 2 whereas x corresponds to the sample thickness d and ∂p to the pressure 
difference Δp between the two chambers (equation (1)).  
In the experiment, the gas permeation constants of uncoated samples are compared to the ones of samples coated 
with the investigated layers. The gas permeation coefficients measured for uncoated samples correspond to the ones 
found in literature2. If the maximum gas flow through an uncoated sample is considered 100%, the barrier layer on a 
coated sample will decrease the gas flow rate through the sample and a certain rest diffusion percentage given for 
different samples in fig. 2(a) and 2(b) is measured.  
The gas permeation test results show that Aquacer©-layers of 30 nm thickness provide comparable barrier effect 
to inorganic SiOx-layers of three times higher thickness (fig. 2). Regarding nitrogen diffusion, the barrier effect of 
0
10
20
30
40
50
60
70
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51
duration [h]
pr
es
su
re
 [m
ba
r]
PC d=1 mm uncoated, test gas He
PC d=1 mm, 30 nm Aquacer coating, test gas He
Δp/Δt = gas 
permeation ratepressuresensor
p1= const = 1,4 bar p2, initial= 10-6 bar
chamber 1 chamber 2
polymer substrate
O-ring
coating
permeation
N2(g) or He (g)
1525.  et al. / Procedia Chemistry 1 (2009) 1523–1526 M Schmidt
 93,0%
85,5%
100%
74,0%
63,2%
23,9%21,5%
100%
0
20
40
60
80
100
120
PC d = 1 mm,
uncoated
SiOx d = 87 nm
± 3 nm
SiOx d = 246 nm
± 4 nm
SiOx ~ 300 nm
re
st
 d
iff
us
io
n 
[%
]
Test gas helium
Test gas nitrogen 93,5%
84,6%86,3% 76,3%
100%
57,7%
45,4%
19,4% 13,3%
47%
100%
0
20
40
60
80
100
120
PC d = 1
mm,
uncoated
PC
Aquacer©
d = 32 nm
± 8 nm
PC
Aquacer©
d = 104 nm
± 19 nm
PC
Aquacer©
d = 200 nm
± 30 nm
PC
Lipocer©
d = 65 nm
± 11 nm
PC
Lipocer©
d = 270 nm
± 44 nm
re
st
 d
iff
us
io
n 
[%
]
Test gas helium
Test gas nitrogen
Aquacer©-layers could be slightly improved by a thickness increase to 100 nm (fig. 2(b)) whereas a thickness 
increase of the inorganic SiOx-layers resulted in a nearly constant barrier effect (fig. 2(a)). A further thickness 
increase lead to decreasing barrier effects on nitrogen in both cases. Lipocer©-layers demonstrate relatively low 
barrier effect on helium and nitrogen diffusion corresponding to their silicone-polymer-like chemical composition. 
Nevertheless, first investigations showed their potential as barrier coating against water diffusion.  
Fig 2 comparison of gas permeation through coated and uncoated PC (a) inorganic silicon-oxide layers (b) Aquacer©- and Lipocer© - layers 
The investigated layers were also examined in terms of visible cracks. The inorganic SiOx -layers of ≥ 200 nm 
showed cracking whereas in the organo-SiOx -layers no cracks were observed. 
4. Conclusion 
Significant effects of the investigated thin films on the diffusion of nitrogen and helium gas could be detected by 
the applied gas permeation test bed. The hydrophilic Aquacer©-layers showed the best performance of all 
investigated layers by reducing the gas flow of nitrogen to 13% and helium to 85% of the initial flow through an 
uncoated plate whereas the hydrophobic Lipocer©-layers halved the initial gas flow of nitrogen. However, the usage 
of these layers for zero level MEMS-packaging needing vacuum enclosure will need further investigations on the 
barrier performance. The organic content in the investigated HMDSO-based thin films avoids cracking but very high 
organic content leads to silicone-like layers and in consequence to low barrier effect. Accordingly, the optimum 
composition between glass-like SiOx-zones in the layers that allow a maximum barrier effect and silicone-like zones 
to avoid cracking has to be found by varying the standard Aquacer© and Lipocer© deposition processes. As 
humidity influence is known for being particularly critical for optical MEMS, further investigations will also verify 
the barrier effect of the organo-SiOx-layers on water diffusion.  
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